Recent simulations of plasmas with pressures and temperatures typical of the solar corona and transition region have shown that, under certain conditions, a cold, dense plasma can exist for an extended period of time without evaporating in a hot tenuous plasma. This cold material can move if subjected to externally imposed forces. EUV spectroscopic observations of the Sun recently have revealed jets or bullets of cool, dense plasma (T e ~ 10 5 K, n e ~ 10 10 cm -3 ), with lifetimes of order 60 s, which accelerate through the corona at velocities of 50 to 400 km s -1 . We present here the results of computer simulations of these jets, with particular emphasis on the following aspects : the sensitivity of the induced acceleration to the form in which energy is put into the system ; a comparison between the observed and predicted physical characteristics of the high-velocity bullets; and the potential contribution of the bullets to the mass and energy balance of the solar corona. We have found that the velocity and temperature evolution of the bullets can be modeled successfully by assuming energy input in the form of an external force, pushing continuously on the ejected material. The physical characteristics of the model bullets and the energy input required to reproduce the observations lead to the conclusion that the bullets may comprise a significant fraction of the coronal mass flux but constitute a negligible component of the coronal energy budget.
I. INTRODUCTION
Observations of the solar chromosphere and corona have shown that material is ejected continually from the Sun. Large-scale features, such as coronal transients and high-speed solar wind streams, are observed to last for minutes to days. Most of these phenomena have been studied only in a small portion of the spectrum : a small set of visible lines (e.g., Ha and the 5303 Â "green line"), polarized white light, and, to a lesser extent, soft X-rays. During the past few years, coronagraph observations have revealed the presence of relatively cool, Ha-emitting material, moving through the corona, at heights up to 10 solar radii (Sheeley et al 1981) . This result, which dramatically illustrates the thermal inhomogeneity of the corona, is consistent with recent simulations of the dynamical behavior of condensations in the solar atmosphere . Thus, both theory and observation demonstrate that cool, dense material can remain in the corona for extensive periods of time, even while traveling rapidly through the ambient high-temperature plasma.
Observations obtained by the High-Resolution Telescope and Spectrograph (HRTS) also have identified a variety of dynamically-evolving mass ejections on the Sun, particularly on small spatial scales (Brueckner 1980a, b; Dere et al 1981; Brueckner and Bartoe 1982) . Both low-and high-velocity features have been noted, indicating the continuous occurrence of both downfalling 1 NRC-NRL Cooperative Postdoctoral Research Associate. and upflowing plasmas. The HRTS is capable of EUV observations with 10 s temporal and 0.06 Â spectral resolution ; for the most part, however, data were taken in 20 s intervals. The spectral range covered by this instrument, from 1175 to 1710 Â, includes emission lines formed at temperatures between ~ 10 4 and 2 x 10 5 K. The spatial resolution is 1" along a slit of length 16'. A detailed description of this instrument is given by Brueckner (19806) .
Two types of energetic, nonflaring events predominate in the HRTS spectra. Over distances of several arcsec, the strongest lines (the resonance lines of C iv and Si iv) often exhibit rapidly changing blueshifted and redshifted components, with derived line-of-sight velocities in the range 10-100 km s -L These events appear and disappear at a rate of ~800 s -1 over the whole Sun (Brueckner and Bartoe 1982) . A less common phenomenon seen in these data is high-velocity material which accelerates through the solar atmosphere with velocities of up to 400 km s -1 . Unlike the lower velocity events, these always travel upward, some with significant proper motions, and eventually reach supersonic velocities. For the four events seen by HRTS 2, the observed increase in line-of-sight velocity with time is shown in Figure 1 . Note that these "bullets" or "jets" all accelerated at approximately the same rate, ~ 5.5 km s~2. These events apparently originate above the chromosphere and remain denser and cooler than the surrounding corona for lifetimes of up to 80 s. The EUV observations indicate that the bullet sizes in one dimension perpendicular to the line of sight are between 0'.'06 and 6" (400 to large-scale coronal heating are deduced, based jointly on the predicted and observed characteristics of the coronal bullets. We find that significant energy input is required to accelerate plasmas at the observed temperatures and densities. Hence, these energetic events may provide a potential means for transporting both mass and energy into the corona.
The NRL Dynamic Flux Tube Model and its adaptation to the present investigation are described in § II. In § III, the physical significance of the simulation results is evaluated in terms of the initial conditions of both the ejected material and the surrounding atmosphere. The final sections, § § IV and V, comprise respectively a discussion of the ramifications of the predicted behavior for the global dynamics and heating of the corona, and a summary of further theoretical and observational research needed to extend our understanding of the coronal bullets. 4000 km). Although spatial information along the line of sight cannot be obtained directly, the spectral-line profiles suggest that these bullets are more like jets, with a "tail" of slower material at lower heights, than discrete projectiles with an abrupt boundary between the highvelocity plasma and its surroundings. The physical characteristics of the bullets, as derived from the HRTS data, are summarized in Table 1 .
The present work is focused on these coronal bullets in an attempt to understand their dynamical progress and the underlying energy source. The evolution of discrete masses of cool, dense plasma injected into the corona has been studied using the Naval Research Laboratory (NRL) Dynamic Flux Tube Model , a code which was developed to model both active and quiet-Sun phenomena. This model has been used to study the condensational instability in the solar atmosphere , the dynamics of the transition region , the cooling of soft X-ray emitting flare plasmas , and systematic downflows in the chromospheric network ). In the work described below, a coronal bullet is modeled by replacing part of the equilibrium atmosphere with cooler and denser material in pressure equilibrium with its surroundings. Then the model is used to study the subsequent behavior of the bullets and to compare these predictions with the observed properties derived from EUV spectral data obtained by the rocket-borne HRTS instrument. Preliminary estimates of the contribution to 
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In the above equations, p and v are the fluid mass density and velocity ; P is the total pressure ; y is the ratio of specific heats ( = 5/3 for this problem); g is the gravitational acceleration at the solar surface; subscripts e and i refer to electron and ion quantities, respectively ; K, k b , p, and m p are the thermal conductivity coefficient, Boltzmann's constant, the mean mass per particle, and the proton mass ; Z is the average charge of ions in the system; S is the volumetric heating rate, assumed to be constant (cf. Mariska et al 1982) ; y eq is the electron-ion equilibration rate; and L is the energy loss rate due to radiation. The plasma is assumed to be fully ionized and consists of hydrogen and helium, with a helium number density equal to 6.3% of the hydrogen number density (Ross and Aller 1976). The <D(T) function in the radiative loss term is from J. C. Raymond (1979, private communication) , and is basically identical to that presented by Rosner, Tucker, and Vaiana (1978) . The convective derivatives in equations (l)-(4) are solved by the Flux-Corrected Transport method (e.g., Boris and Book 1976 and references therein). The nonconvective terms in equations (3) and (4) are solved implicitly. Convection, thermal conduction, and radiative losses are coupled by time-step-splitting techniques as described in Oran and Boris (1981) .
b) The Initial Conditions
For the flux tube considered in this work, a configuration in hydrostatic equilibrium has been established where radiative losses are balanced by energy input from a spatially and temporally constant volumetric heating source. Nonconvective energy transport is due primarily to electron thermal conduction. To ensure the stability of this initial configuration, it is necessary to specify the temperature and pressure at the base of the tube and to impose the boundary condition that the temperature gradient is zero at the top of the computational region. The equilibrium model is determined by adopting different values of the volumetric heating rate, S, and then calculating the resultant temperature and density profiles. This procedure was repeated until the calculated temperature gradient at the top of the tube equalled zero. The resulting distribution of T e and N e with height z, and the corresponding value of 5, provided the initial atmospheric conditions for the ensuing numerical simulations. The equilibrium configuration thus chosen for investigating the dynamics of high-velocity bullets has temperature T e = 1.4 x 10 6 K and density n e = 2 x 10 8 cm -3 at the top of the tube. The initial atmosphere is typical of conditions in a quiet solar region (e.g., Withbroe and Noyes 1977) .
The total length of the computational region, 6 x 10 4 km, is divided into 200 cells of variable size Az. In the transition region of the flux tube, where the temperature rises steeply from approximately 2 x 10 4 K to 10 6 K, the cell size Az = 10 km. This is the smallest cell size used anywhere in the tube for the simulations reported here and provides adequate resolution for deducing the hydrodynamic motions exhibited in the present problem. Below the transition region, there is an idealized chromosphere maintained by the constant volumetric heat source and by conduction from above and below. The purpose of this chromosphere is to couple the higher temperature plasma of the transition region and corona to the lower atmosphere, and to provide a heat sink as well as a potential source of mass for flows into the flux tube. The initial temperature throughout the chromosphere was assumed to be 10 4 K. The lengths of the chromosphere and corona are 1.2 x 10 3 and 5.8 x 10 4 km, respectively. A constant radius of 300 km has been chosen for the model flux tube. The high-velocity bullet in the equilibrium atmosphere is modeled by increasing the density and lowering the temperature in a selected set of contiguous cells ; initially, each bullet is kept in pressure equilibrium with the surrounding plasma. The simulations began with the bullet located in the upper transition region, at a location where the ambient temperature is ~3 x 10 5 K. The initial characteristics of the model bullet are based on the observational results, which are summarized in Table 1 . At the onset, the simulated bullet is comprised of 40 10 km cells, each of temperature T e = IO 5 K, electron density n e = 1.44 x 10 10 cm~3 (p = 2.68 x 10~1 4 g cm -3 ), and pressure P = 0.195 dyn cm -2 . This cool, dense plasma also is given an initial velocity, linearly ramped from zero to the selected maximum value in the hindmost 10 cells. As is discussed in § III, test runs with various starting velocities were made during the early stages of this investigation, to determine the optimum range of initial bullet speeds. The initial distributions of temperature, pressure, and density versus height within the flux tube are shown in Figure 2 . In the final simulations, bullets of different masses were introduced; these results are discussed in § III. Throughout each simulation performed in the present work, the location of the bullet was defined according to the location of its original mass. Three values for the integrated column mass, corresponding to the hindmost cell, the top of the velocity ramp, and the foremost cell within the initial bullet, were used to determine the height and length of the evolving bullet.
III. RESULTS OF NUMERICAL SIMULATIONS
Three physical mechanisms appeared to be prime candidates for maintaining and accelerating these bullets. After the plasma has been ejected initially, the background volumetric heating throughout the surrounding atmosphere potentially could provide some acceleration . A second possibility is that increased volumetric heating behind the bullet, where steep temperature and density gradients exist, might provide the necessary energy source. Finally, a body force applied to the ejected material could induce acceleration. Each of these possibilities was examined by performing a series of numerical simulations and comparing the results with the HRTS EUV observa- tions. This process was necessarily iterative, as each calculation determined more accurate constraints on the properties of the ejected material. In this section, we report the results of these simulations and identify the most successful candidate for accelerating the coronal bullets.
In the first calculation, the bullet was introduced into the equilibrium atmosphere and given an initial upward velocity. Two values for the maximum initial velocity were tried: 50 and 200 km s -1 . For the case with an initial velocity of 50 km s -1 , the accelerated material decelerated quickly, reached a maximum height of 2.1 x 10 3 km, and then fell toward the chromosphere. In the simulation where the bullet velocity was initialized at 200 km s -1 , the results were qualitatively similar to the 50 km s -1 case, although the jet attained a greater maximum height (~ 4.6 x 10 3 km) before falling. Figure  3 shows the position of the model bullet as a function of time, for the case initialized with v = 200 km s -1 . Most of the mass of the bullet is located between the open and closed circles in this plot. The tail, located between the crosses and the open circles, is due to the ramping of the initial velocity (see § II). Note that the rate at which the material falls depends on its initial velocity; the lower velocity tail reaches its maximum height later and falls more slowly than the faster portion of the bullet. A shock wave, generated by the moving bullet, also is shown in Figure 3 . Although these simulations yield bullets which eventually stop moving upward and fall toward the chromosphere, the shocks continue to travel through the corona with gradually decreasing velocities.
From the set of studies described above, we must conclude that additional energy input is required to make the bullet accelerate. Thus, in the next set of simulations, energy was deposited in the form of heat behind the bullet. In these calculations, the bullet traveled through the equilibrium atmosphere previously described with an initial velocity of 200 km s _ 1 (ramped from zero velocity at the back). A number of alternative methods were used to select the region in which the energy was deposited. In different test cases, the heat was deposited either at the base or top of the velocity ramp at the rear of the bullet, behind the site of maximum density, or on the steepest density gradient (with positive ACCELERATING CORONAL BULLETS 379 slope) behind the site of maximum density. These calculations showed that changing the energy input location did not alter the results significantly; the most important parameter was the amount of additional heating. Two values of energy input were used : the first was equal to the heating rate required to maintain the entire equilibrium atmosphere, 1.31 x 10 21 ergs s" 1 ; the second was 100 times that amount. In each time step, energy was added behind the bullet as a volumetric heating rate. The resultant series of simulations thus was characterized by a choice of energy deposition site and of excess energy input.
When heat was added in back of the model bullet, the ejected material reached higher velocities and greater heights than those achieved with no energy input. However, regardless of the amount of energy deposited, the results qualitatively resemble those obtained without extra heating. Again, the bullet rises with a steadily decreasing velocity, achieves a maximum height, then falls while heating up gradually. The additional energy input becomes unavailable for acceleration, primarily due to thermal conduction into the chromosphere, radiation, and bulk heating of the entire bullet; only a small fraction of this energy has added to the kinetic energy of the ejected material. As in the preceding set of simulations, a shock wave propagates outward through the solar atmosphere. The shock speeds depend only slightly on the amount of additional heat and where it is deposited, ranging from 250 to 300 km s _1 . By comparing the calculated total energy with the known energy input, it was found that these shocks did not cause significant coronal heating.
In the final set of simulations, the bullet was accelerated by an external force. By initially introducing energy in a form other than direct heating, we expected to reduce the losses due to conduction and radiation. The amount of acceleration was linearly ramped at the back of the bullet to a selected maximum value. A force per unit mass corresponding to the acceleration rate of the four events shown in Figure 1 , 5.5 km s -2 , was adopted as a reasonable first estimate. For closer agreement with observations, the bullet was given a maximum initial velocity of 50 km s _1 in this and all subsequent calculations. As shown in Figure 4 , the bullet then rose steadily through the atmosphere, passing a height of 8.0 x 10 3 km and a velocity of 145 km s _1 after 60 s, and continued to accelerate upward throughout the duration of the simulation. This velocity profile obviously corresponds to an acceleration rate much slower than that initially imparted to the model bullet (5.5 km s -2 ). Part of the energy from this external force was transformed into thermal energy, which caused a steady increase in the temperature of the ejected material. Most of the remaining energy input contributed to the bullet kinetic energy; this component yielded the bullet acceleration rate derived in our simulations. Consequently, it was necessary to impart a stronger body force, that is, an imposed force per unit mass greater than 5.5 km s -2 , to obtain a simulated velocity profile consistent with the observations. As in the preceding calculations, a shock wave propagated out ahead of the ejected material.
In view of the qualitative success of this method of acceleration, we concluded that this approach clearly merited further investigation. Larger values of the force per unit mass initially imposed on the bullet were introduced, in successive test runs, until satisfactory agreement with the observed characteristics was obtained. For the model bullet described above, a force per unit mass corresponding to an acceleration rate of 16 km s" 2 produced the required velocity profile. The temporal evolution of the velocity and height of this model is shown in Figures 5 and 6 , respectively. For comparison with the previous case, note that the front of this bullet, denoted by the open circles, attained a velocity of 430 km s -1 and a height of 1.8 x 10 4 km in 60 s. The gradual expansion of the bulk of the bullet and the progressive elongation of the lower velocity tail can be seen readily in Figure 6 . Because the bullet rapidly reaches supersonic velocities, a shock front was not maintained ahead of the ejected material.
Another basis for comparison between the observations and calculations is the length of time over which the high-velocity plasma remains within the temperature range in which the ions responsible for the observed EUV emission can exist. As mentioned in § II, the bullets only appear in spectral lines sensitive to KARPEN ET AL.
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Fig. 5.-Time evolution of the velocity of a bullet with initial conditions T e = 10 5 K, n e = 1.44 x 10 10 cm" 3 , and / = 400 km, given an initial velocity of 50 km s" 1 and subjected to a constant body force per unit mass of 16 km s -2 . TIME (s) Fig. 6 temperatures in the range 2 x 10 4 to 2 x 10 5 K. Since there are no strong spectral lines sensitive to temperatures above 2 x 10 5 K, in the HRTS coverage, an event essentially disappears once a substantial fraction of the original mass is above this temperature range. The observational lifetime of a coronal bullet thus is governed by how fast it heats up, assuming negligible proper motions across the slit. The lifetimes of the seven events observed to date range from less than 20 to ~80 s, implying a corresponding range in the physical parameters which determine the heating timescale. For the simulation described in Figure 5 , most of the ejected mass was heated to temperatures above 2 x 10 5 K in approximately 35 s. Figure 7 shows the temperature evolution for this case. The three curves represent the temperatures of the three locations which delimit the original mass of the bullet, as shown in Figure 5 : the back, the top of the initial velocity ramp, and the front of the ejected material.
To evaluate the influence of the initial physical properties on the visible lifetime of a bullet, a more massive bullet was introduced in the next series of calculations. Because the observed events all accelerated at nearly the same rate, these simulations were normalized first by reproducing the same velocity profile while changing the initial length or temperature and density of the bullet, in accord with the constant pressure condition (see § II). For each set of selected physical parameters, test cases with different imposed acceleration rates were run until the calculated velocity evolution matched the observations. It was found that more massive bullets can achieve the same velocity profile as lower mass bullets, but require less externally imposed force per unit mass to do so. In the simplest case, the bullet length was increased from 400 to 700 km, without changing any of the other initial conditions; to obtain reasonable agreement with the observations, a force per unit mass corresponding to an acceleration rate of 12 km s~2 was required. Most of the initial mass of this model bullet reached temperatures in excess of 2 x 10 5 K within 55 s. Next, the initial conditions were altered to provide a cooler, denser, and larger bullet, with T e = 7 x 10 4 K, n e = 2.04 x 10 10 cm" 3 (p = 3.8 x 10" 14 g cm" 3 ), and length / = 700 km; the imposed acceleration rate was decreased to 10 km s" 2 to yield consistency with the data. An observable lifetime of 60 s characterized this cooler and denser model ; the increase in temperature with time is shown in Figure 8 . Finally, a bullet with initial conditions 7^ = 3.5 x 10 4 K, n e = 4.08 x 10 10 cm" 3 (p = 7.6 x 10" 14 g cm" 3 ), and l = 700 km was injected with an imposed acceleration rate of 8.5 km s" 2 . This model was characterized by an observable lifetime of ~80 s. Clearly, more massive bullets have longer lifetimes in the temperature range accessible to EUV spectroscopy.
IV. DISCUSSION The calculations described above have led to two primary conclusions. First, material which is simply ejected at supersonic speeds cannot reproduce the evolution of coronal bullets. Therefore, any mechanism which would expel a condensed plasma without allowing for subsequent energy input cannot account for the observed events. Energy deposition in the form of a localized increase in temperature at the back of an initially supersonic bullet also does not reproduce the observations. This thermal energy is lost rapidly through electron thermal conduction and subsequent radiation. Thus, physical processes which deposit energy as heat on existing temperature or density gradients have been ruled out as potential energy sources for the bullets.
Conversely, the simulations have shown that energy deposition in the form of an external force, introduced in our simulations as an outward acceleration (force per unit mass) of the entire bullet mass of initially subsonic Fig. 8 .-Time evolution of the temperature of a bullet with initial conditions T e = l x 10 4 K, n e = 2.04 x 10 10 cm -3 , and / = 700 km, given an initial velocity of 50 km s _1 and subjected to a constant body force per unit mass of 10 km s -2 .
material, can reproduce the observed velocity profile and lifetimes of the coronal bullets. Cooler and more massive bullets require less energy input per unit mass to reach the observed acceleration rates, and are longer lived than less massive ones. Thus, the range of observed lifetimes can be attributed to a corresponding range in the initial temperature, density, and volume of the accelerated plasma. The spatial information derived from the HRTS observations, discussed in § I, provides a rough estimate of the bullet dimensions perpendicular to the line of sight. In the geometry used in the present simulations, this dimension corresponds to the width of the flux tube. The observed range in spatial scales thus reflects the variety in sizes of flux tubes at the relevant level of the solar atmosphere. For purposes of comparison between test cases, however, the same tube radius was used throughout ; the volume and mass of a model bullet were altered by changing its total length or density. The largest spatial scales were noted during the final stages of the HRTS events, so the model bullets were initialized with smaller dimensions (400 and 700 km) to allow for subsequent expansion. For example, the bulk of the model bullet shown in Figure 6 expanded from an initial length of 300 km to about 2 x 10 3 km in 60 s; the low-mass tail behind the bulk of the jet expanded from 100 to over 10 4 km in this interval. The simulations thus reproduce the range in bullet volumes instead of emphasizing the uncertain estimates of width and length. By initially maintaining pressure equilibrium between the bullet and its surroundings, sets of related temperatures, densities, and masses are then deduced. The masses thus obtained for the models discussed in § III are of order 3 x 10 9 to 2 x 10 10 g, for volumes of 1.1-2 x 10 8 km 3 . It is reasonable to assume that there is a continuum in sizes of mass ejections from the chromosphere, with smaller events produced more frequently. However, the EUV observations can detect neither the lowest mass events, whose lifetimes in the appropriate temperature range are shorter than the temporal resolution of the HRTS instrument, nor events with very high initial temperatures, which heat up beyond the accessible temperature range too quickly to be seen. The observable lifetimes of the bullets also impose an extreme lower limit on the initial temperatures, since material which is initially below ~ 1 x 10 4 K will not be seen in the EUV until it heats up sufficiently above this temperature. Further limitations on these initial conditions are imposed by the fact that no high-velocity material is seen in the HRTS data at temperatures below 2 x 10 4 K, and that the differential emission measure peaks at successively higher temperatures throughout an event's lifetime (Brueckner and Bartoe 1982) . Under the assumption of initial pressure equilibrium between the bullet and the surrounding plasma, the lower limit on temperature yields a density upper limit of approximately 10" 13 g cm" 3 and, hence, an upper limit of 2 x 10 10 g on the mass of a bullet 1" in length. Similarly, the condition that a bullet must originally be at a temperature below 2 x 10 5 K provides an extreme lower limit on the density and mass; a bullet must have a density greater than ~ 10 -14 g cm -3 and, for a volume of 2 x 10 8 km 3 , a mass greater than 2 x 10 9 g. The masses of the model bullets and the estimates derived from the EUV observations thus are mutually consistent.
The ejection of these bullets represents a source of mass transfer from the chromosphere-transition region into the corona and, perhaps, the solar wind. To estimate the overall magnitude of this mass flow, however, the birthrate and mass distribution of these events must be known. The HRTS instrument has detected a total of seven high-velocity bullets during the three rocket flights obtained to date; this coverage viewed only a small fraction of the solar surface, for at most 10 minutes per flight. Therefore, only rough estimates of the birth frequency and mass spectrum of the bullets can be made at present. The estimated rate of 1-40 events s _ 1 over the entire Sun (Brueckner and Bartoe 1982) and mass range of 2 x 10 9 to 2 x 10 10 g yield a mass flow rate of 2 x 10 9 to 8 x 10 11 g s _1 . In comparison, the average mass loss in the solar wind is approximately 2 x 10 12 g s -1 (cf. Gabriel 1976) . Coronal bullets thus might constitute a significant fraction of the solar wind mass flux, although a definitive conclusion only can be drawn from more extensive observations. The total energy input needed in the calculations to reproduce the observed velocity profiles provides additional information on the bullet contribution to the coronal energy requirements. Acceleration was imposed on the original mass on a cell-by-cell basis, ramped from zero in the hindmost cell to the chosen maximum value at the front of the tail and remaining at this value through the bulk of the ejected material. Consequently, the external force acting on a model bullet remains constant, although the total energy increases throughout each simulation. The successful model bullets described in § III required input energies of 5 x 10 24 to 2 x 10 25 ergs, expended over the observable lifetimes, to duplicate the observed velocity increase with time. This corresponds to an energy loss rate of 5 x 10 24 to 8 x 10 26 ergs s -1 over the entire Sun, taking into account the estimated event frequency. The average energy loss from the corona is 3 x 10 28 ergs s~ \ as estimated from the energy fluxes and areas of specific regions of the corona given by Withbroe (1976) and Vaiana and Rosner (1978) . Consequently, the bullets' energy requirements comprise a negligible fraction of the coronal energy budget. This does not preclude the possibility that significant additional heating accompanies, but is not derived directly from, the bullet acceleration.
To provide more insight into the relationship between the energetics and dynamics of coronal bullets, we have developed a simple analytical model based on the momentum and energy-density conservation equations for the bullet and immediate surroundings. The preliminary result of this analysis and a comparison with the simulated bullet behavior are presented here, with only a brief description of the underlying derivation. A more extensive discussion of the development of this model and evaluation of the results are reserved for a forthcoming paper. In this treatment, the balance between external and internal (to the bullet) sources and sinks of energy yields a set of ordinary differential equations describing the total bullet energy and its evolution. It is assumed that the bullet is small with respect to the length of the entire flux tube, as is observed.
In the simulations described in § III, the acceleration derived from the calculated velocity profile always is less than the imposed force per unit mass, a. Our analytical model explains this deficit by identifying the physical processes which remove a portion of the energy available for acceleration. The model equations can be combined to yield a functional formula for a, the factor by which the observed acceleration is reduced from the applied value. Further constraints on the internal bullet properties are provided by dynamic coupling to the external medium: when cold bullet material travels at supersonic speeds through even a tenuous background, it heats up until the sound speed in the bullet is an appreciable fraction, 1/X, of the flow speed. For the model bullets discussed in § III, we generally find that 2 < X <4 (see, e.g., Table 2 ). Using the subscripts b and c to denote bullet and coronal parameters, respectively, the acceleration ratio can be expressed as follows :
where M h is the total bullet mass per unit area; v b , T b , and the velocity, temperature, and density within the bullet; P b9 pressure at the front of the bullet; P c and p c , pressure and density immediately ahead of the bullet; y, the ratio of specific heats (cf. § II); Q>(T b ), the radiation loss function (cf. eq. [3]); and c = 2.60 x 10 47 g -2 . The physical significance of the four terms in equation (13) can be understood by considering the corresponding energy-loss or energy-gain terms in the basic model equations. The relative importance of each term, however, is best illustrated by deriving the timedependent values using data from the computer simulation of a specific model bullet. For the first model bullet described in § II, Table 2 lists the effective length, L b , maximum velocity, v b , effective mass, M b , and the energy densities of the four terms in equation (13). The first term, [1 + 3/yX] -1 , reflects the heating required to maintain the internal equilibrium of the supersonic material. For relevant values of y and X, this term always is less than unity. Thus, the bullet acceleration is reduced from the input value, a, regardless of the magnitude of the imposed force. The second term represents the internal energy gained from the coronal mass accumulated at the front of the bullet; since P c < P b after the onset of acceleration, this term generally is negligible. Losses due to radiation, defined by the third term, also become negligible after the bullet starts accelerating. The fourth term reflects the energy Note.-In cols. (6)- (8), X = (1 + 3/yX)-1 .
required to accelerate the swept-up coronal mass to the high velocity at the front of the bullet. This is a significant loss term which initially increases with bullet velocity, but eventually decreases because the bullet accretes coronal mass of decreasing ambient density. Our simple analytical model can be tested by comparing the value of a calculated according to equation (13) with the ratio of the resultant acceleration to the imposed force per unit mass, for those simulations which successfully duplicate the observed bullet evolution. To illustrate, consider the first model bullet : the external force per unit mass is 16 km s" 2 and the observed velocity profile (see Fig. 5 ) yields an acceleration rate of ~5.5 km s -2 , so a = 0.35. Assuming that y = I, we now use equation (13) and the parameters of Table 2 , chosen at a specific time during the life of the model bullet, to derive a from the numerical calculations. Because the bullet is observed to accelerate at a nearly constant rate and the imposed force per unit mass also is constant, a should not change appreciably throughout the bullet's lifetime. From the data in Table 2 , a is found to be in the range 0.46-0.58, remaining nearly constant as expected. This value of a is only ~30% larger than the value derived from the simulated velocity profiles. Considering the simplicity of the analytical model, however, these two values of a are reasonably consistent.
The critical dependence of the velocity and temperature evolution of a bullet on the method of energy deposition, discussed in § III, puts severe constraints on the driving mechanism. This mechanism must be capable of continual energy release over the lifetime of the bullet, and must produce directed motion rather than localized heating of the ejected material. The results presented here indicate that localized heating cannot account for the acceleration of coronal bullets, regardless of the heat source; therefore, we must consider other mechanisms.
Similar considerations also are addressed in several recent investigations of the formation and maintenance of spicules (cf. e.g., Athay 1976 and references therein; Hasan and Venkatakrishnan 1981 ; Hollweg 1972 Hollweg , 1981 Mamedov and Orudzhev 1978 ; Nakagawa 1977 ; Roberts 1978 ; Papushev 1980) . Spicules are jets of dense plasma, channeled along magnetic field lines, which reach heights of about 10 4 km before flowing back into the chromosphere (Beckers 1972) . Both spicules and bullets appear to be driven parallel to the axial component of the magnetic field in flux tubes. As noted in § I, the bullets actually may be continuous jets rather than compact condensations ; additional EUV observations at the solar limb would be particularly useful in clarifying the unknown vertical structure of the bullets. The major dynamic difference between spicules and bullets is that spicules move into the corona with slow, subsonic speeds, whereas the less frequent bullets are accelerated to much greater velocities, eventually becoming supersonic. Thus, one suspects that bullets and spicules may only represent extremes in a continuum of solar mass ejection phenomena.
It is instructive, therefore, to consider those mechanisms investigated in theoretical treatments of spicules which seem most relevant to coronal bullets. The most likely candidates are the j x B forces arising from the following dynamic magnetic-field phenomena: MHD-wave momentum deposition (Hollweg 1979 (Hollweg , 1981 magnetic reconnection (e.g., Sturrock 1966; van Hoven and Cross 1973; Spicer 1976 Spicer ,1981 ; and dynamic readjustment of magnetic structures, as would be caused by flux emergence (Book 1981) . Hollweg (1979 Hollweg ( , 1981 considered the possibility that upward-propagating MHD waves might produce mass ejections in the solar atmosphere. These studies are focused on a single impulsive ejection of plasma, rather than continuous acceleration lasting for a minute or longer. Furthermore, the final velocities derived from his calculations are much smaller than those observed for the coronal bullets. Hence, this work may not be directly applicable to the highly accelerated phenomena under investigation here. The MHD-wave mechanism is attractive, nevertheless, because magnetic restructuring is not an inherent feature. Consequently, complex magnetic field changes need not be considered as intrinsic to the acceleration itself, although they might appear as by-products of the energizing process.
EUV spectroheliograms of the solar disk obtained by Skylab contain some evidence for short-duration, highvelocity phenomena which are spatially associated with X-ray bright points (N. Sheeley 1981, private communication) . Further observations are required, however, to determine whether these features are indeed the same as the high-velocity events seen by the HRTS.
This tentative association between coronal bullets and X-ray bright points, which occur in conjunction with emerging flux regions, favors the other mechanisms: magnetic reconnection and dynamic readjustment of magnetic structures. It is difficult to distinguish between these two magnetic restructuring processes, however, because some amount of reconnection always accompanies any major rearrangement of the magnetic topology. The inherent physical properties of these mechanisms exhibit significant differences, discussed below, which might be exploited to select the most likely candidate for accelerating coronal bullets.
To illustrate the difference between reconnection and restructuring in a specific situation, we briefly consider the effects of the dynamic emergence of a rope of magnetic flux through the solar surface. As the expanding flux tube rises from the lower chromosphere to the corona, its energy balance gradually changes from domination by internal gas pressure, to equipartition between magnetic and thermal energy densities, to domination by magnetic pressure. This magnetic bubble expands into the corona at the fast magnetoacoustic speed, while carrying an increasing amount of material and, perhaps, driving a shock ahead of it. Thus, this mechanism can yield appreciable acceleration and shock-induced heating without involving any magnetic reconnection. Furthermore, simple energy-balance arguments demonstrate that nearly all the magnetic energy in a segment of a flux tube is released when the tube emerges from the photosphere (Book 1981) . This substantial amount of energy is available, potentially, for accelerating the overlying plasma. Only 5%-10% of the magnetic energy stored in the flux below the surface is available for release through reconnection at a later time, after the tube has risen well above the surface. Of this 5 %, moreover, 90 % is transformed into internal energy (i.e., heat) and only 10 % goes into kinetic flow (Spicer 1981) . Magnetic reconnection seems to be an extremely inefficient mechanism for bulk acceleration of discrete masses. In situations where magnetic reconnection and restructuring occur simultaneously, most of the resultant energy flow will be contributed by the large-scale readjustment process.
The rate of magnetic reconnection in an MHD system usually is determined by external macroscopic properties of the structure or flow, such as the rate of shear, compression, or twisting. Although the topological reconnection process itself is a local plasma phenomenon, the rate of energy release is governed by the classical fluxes (i.e., convection, magnetic pressure, and heat) which determine the reconnection rate. Since the observed bullet velocities become comparable to the Alfvén or magnetoacoustic speed typical of the corona, this velocity may be characteristic of the underlying acceleration process. Furthermore, to obtain the same observed acceleration rate for every bullet, either the same reconnection rate always must prevail, which is unlikely, or the acceleration process must saturate regardless of the underlying energy-release process. Assuming that the acceleration must saturate at a rate commensurate with the ambient Alfvén or magnetoacoustic speed, we conclude that the large-scale readjustment hypothesis is favored. Note, however, that the reconnection mechanism is not actually ruled out by the existence of accelerated plasma at the fastest wave speeds of the system. In fact, this process has been proposed as the energy source for the lower velocity "explosive events" observed by the HRTS (Pneuman 1981) and as the primary driving mechanism for mass loss in coronal holes (Mullan and Ahmad 1982) .
The distinct physical signatures of the three acceleration mechanisms under consideration should be reflected in certain observable characteristics. For example, consider the basic magnetic topology relevant to each process. If the magnetic field in bullets lies primarily along the direction in which the bullet is accelerated, then wave channeling or reconnection is the most probable mechanism. If the magnetic field is oriented roughly perpendicular to the travel direction, then the bullet is more properly characterized as a mass of plasma trapped on an emerging flux tube. Therefore, observations capable of discerning the relative orientation of the magnetic fields inside and outside the bullets will help identify the underlying energy source.
V. CONCLUSIONS Further theoretical and observational work is needed to improve our understanding of the coronal bullets and their ramifications for the global mass and energy equilibrium of the solar atmosphere. Current calculations have encountered difficulties with inadequate spatial resolution, due to the large cell sizes incorporated at the top of the model atmosphere. The implementation of time-dependent adaptive gridding techniques in the Dynamic Flux Tube Model, which is currently in progress, will allow more precise determination of the local properties associated with the ejected plasma, as well as the extension of the simulated trajectory to greater heights in the corona. To establish the event birthrate and to document further the evolving physical characteristics of the bullets, EUV coverage of a large fraction of the solar disk over long observing intervals is necessary. This program requires instrumentation with good spatial, spectral, and temporal resolution, as is currently available only with the HRTS. Observations of high-velocity bullets at other wavelengths, preferably in conjunction with coordinated EUV coverage, will provide crucial information on aspects of the coronal bullets which are unexplored at present. Spectral data in wavelength regions which monitor temperatures above and below the range accessible to EUV spectroscopy will yield improved limits on the range of initial conditions and subsequent temporal behavior; these data will also aid in determining the atmospheric levels where the ejected material originates from and travels to after disappearing from the EUV "view."
More direct information on the spatial origin of the coronal bullets can be deduced from simultaneous, spatially resolved observations of the Sun in different 1982ApJ. . .261. .375K No. 1, 1982 ACCELERATING CORONAL BULLETS 385 wavelength ranges. Because bright points and the underlying emerging flux regions are sites of increased magnetic field gradients and accompanying reconnection and restructuring activity (Harvey and Martin 1973; Vaiana, Krieger, and Timothy 1973; Golub et a/. 1974; Harvey, Harvey, and Martin 1975) , these locations are prime candidates for the birthplaces of the bullets. Spatially resolved observations of bright points, with coincident monitoring for the presence of ejected material, will determine whether the proposed association between emerging flux and coronal bullets is, indeed, valid. As stated previously, measurements of the magnetic field orientation in the bullets and their surroundings also will aid in identifying the acceleration mechanism and the associated source locations. The proposed identification of spicules and bullets as separate members of a family of chromospheric massejection phenomena certainly merits further study. It is apparent, from the above discussion, that any investigation into the nature of either phenomenon can help resolve the question of whether the same mechanism can be responsible for energizing both spicules and bullets and, if not, which acceleration mechanism is appropriate for each case. Based on the present work, we tentatively suggest that slower, less energetic processes, such as MHD-wave momentum deposition or reconnection, might account for spicule energization, while gross magnetic restructuring might account for the more violent acceleration of the bullets.
We have used the present results to construct a dynamic picture of the coronal bullets and to evaluate their effect on the mass and energy balance of the solar atmosphere. The deduced range of bullet volumes, temperatures, and densities, as well as the method and magnitude of energy deposition required to duplicate their observed evolution, have provided important clues as to the nature of the energy source behind these events. These issues are of particular relevance to the important and, as yet, ill-understood processes of coronal heating and solar wind formation (e.g., Brueckner and Bartoe 1982; Pneuman 1981; Mullan and Ahmad 1982) , which necessitate a continuous or continual influx of energy into the solar atmosphere. Any mechanism which might fulfill the dynamic requirements must be considered, therefore, as a candidate for explaining these global processes. We have found that coronal bullets may comprise part of the mass flux in the solar wind. The energy input required by these events, however, is a negligible fraction of the coronal energy budget. Further theoretical and observational efforts are needed to better establish the role of coronal bullets in maintaining the complex mass and energy balance of the solar atmosphere.
